The growing apices of plants contain stem cells that continually produce tissues, which, in the shoot, include the germline. These stem cell populations remain active throughout the plant's life, which can last for centuries, and are particularly exposed to environmental hazards that cause DNA damage and mutations. It is not known whether plants have mechanisms to safeguard the genome specifically in these crucial cell populations. Here, we show that root and shoot stem cells and their early descendants are selectively killed by mild treatment with radiomimetic drugs, x-rays, or mutations that disrupt DNA repair by nonhomologous end-joining. Stem cell death required transduction of DNA damage signals by the ATAXIA-TELANGIECTASIA MUTATED (ATM) kinase and, specifically in the root, also the ATM/RAD3-RELATED (ATR) kinase. Consistent with the absence of p53 and the core apoptotic machinery in plants, death of the stem cells did not show apoptotic but autolytic features as seen in other cases of plant developmentally programmed cell death. We propose that plants have independently evolved selective death as a stringent mechanism to safeguard genome integrity in their stem cell populations.
N early all cells of a plant descend from small populations of stem cells located in the root and shoot meristems. In the root meristem, the stem cells are called the root initials and surround the quiescent center (QC), whose cells rarely divide and provide a signal that prevents differentiation of the initials (1) (Fig. 1A) . In the shoot, stem cells reside in the central zone of the meristem and are maintained by a signal produced by underlying cells that express the WUS gene (2, 3) . Descendants of the stem cells are displaced from the central zone and populate the peripheral zone of the meristem, where organs are initiated. Thus, like in animals (4, 5) , plant stem cells require specific maintenance signals that are available only within limited microenvironments called stem cell niches. Because multicellularity most likely arose independently in animals and plants (6) , this and other functional similarities probably resulted from convergent evolution under similar developmental constraints (1, 7) .
One important aspect of stem cell biology that remains unexplored in plants is how the risk for accumulating mutations in stem cells is managed. In animals, stem cells tend to have a low tolerance to DNA damage, which usually leads to p53-activated apoptosis; programmed cell death (PCD) in response to DNA damage is important to prevent cancer and to protect the germline (8, 9) . Plant stem cells provide precursors to produce tissues throughout the life of the plant, which, in some cases, lasts for thousands of years. At the same time, plants cannot escape environmental hazards, such as drought, high salinity, or heavy metals in the soil, all of which cause oxidative stress, DNA damage, and, consequently, mutations (10) . Particularly in the shoot meristem, somatic mutations within the stem cell population can become fixed, contribute to the germline, and reduce reproductive fitness (11) . Therefore, protection from DNA damage should be especially important within plant stem cell niches.
Responses to DNA damage are mediated by the highly conserved ATAXIA-TELANGIECTASIA MUTATED (ATM) and ATM/RAD3-RELATED (ATR) protein kinases (12) (13) (14) . ATM is activated in response to DNA double-stranded breaks (DSBs), whereas ATR is activated by single-stranded DNA, which is generated during replication stress or by resection of DSBs during DNA repair. The responses downstream of ATM and ATR can overlap, and the division of labor between both kinases varies with organism and cell type (13) . In plants, the best-characterized response downstream of ATM and ATR is cell cycle arrest caused by expression of the WEE1 kinase (15) . After irradiation, Arabidopsis ATM also mediates the transcriptional activation of genes involved in DNA metabolism, repair, chromatin, and chromosome structure, whereas ATR has a minor role in transcriptional changes after irradiation (16) (17) (18) .
As a mechanism to reduce the risk for accumulating cells with a compromised genome, PCD is more stringent than cell cycle arrest and repair, and this may be the reason why animal stem cells have a ''general suicidal tendency'' (8) . In plants, however, PCD has not been demonstrated to be a downstream response to DNA damage, and the apoptotic death usually seen in animals is not expected, because plants lack the key transducers and executioners of ATM/ATR-activated apoptosis, including p53, Chk1, Chk2, and the core apoptotic machinery (19, 20) . However, other types of PCD are used in plant development (19, 21, 22) and might also have been recruited downstream of ATM/ATR.
Here, we sought mechanisms that might safeguard the genome in plant stem cell populations. We found that within both the root and the shoot meristem, ATM/ATR-dependent, nonapoptotic PCD is used to eliminate damaged cells specifically from the population of stem cells and their early descendants. To assess the responses of plant stem cells to DNA damage, we used radiomimetic drugs (bleomycin and zeocin) or x-rays, both of which cause multiple types of molecular damage but have in common the ability to cause DSBs (17) . To test specifically the effect of DSBs, we also used mutants that are defective in DSB repair (23, 24) .
Results

Root
At 16-24 h after treatment with the zeocin (Fig. 1 C and D) or bleomycin (Fig. S1 ), root initials took up propidium iodide (PI), which stains the walls of living plant cells but is also used as a marker for loss of membrane integrity and cell death (25) . The response was proportional to the dose of zeocin used (Fig.  S1) . Expression of the QC marker WOX5:GFP (26) confirmed that the dead cells surrounded the QC, which remained alive ( Fig. 1 B and C) . Similar results were seen with the cell death marker Sytox Orange (25) , although it was less sensitive than PI ( Fig. 1 E and F) . After 24 h in up to 20 g/mL zeocin, not all initials died, and after transfer to medium without zeocin, no additional cell death was seen; the surviving initials expanded to replace the dead cells (Fig. S2) , which appeared to be squashed and displaced away from the QC as the roots recovered and resumed normal growth (Fig. S3 ). Higher doses of zeocin caused permanent arrest of the root meristem and death of the QC and provascular cells, which has been interpreted as a consequence of premature differentiation (18) (Fig. S1) .
The preferential death of the root initials and their daughter cells suggested a cell type-specific response but might also result from localized zeocin activity. However, accumulation of GFP fused to the destruction box of CYCB1;1 (CYCB1;1-GFP), which marks cells that are likely to be arrested in G2 phase (17, 18, 27) , showed that the response to zeocin was widespread in the root tip ( Fig. 1D ; an untreated CYCB1;1-GFP control is shown in Fig. S4A ). To exclude the possibility that DNA damage was focused on the initials, roots were exposed to x-rays. The doses used (20-80 Gy) were expected to cause, on average, 5-20 DNA DSBs in each diploid cell of Arabidopsis, assuming a genome size of 125 Mb and a frequency of DSBs (13) of 10 Ϫ9 ⅐bp Ϫ1 ⅐Gy Ϫ1 . As seen with zeocin treatment, uniform exposure to x-rays also induced death preferentially within the root stem cell niche ( Fig.  1G and Fig. S5 ).
To confirm that death of initials could be triggered by DSBs, we examined the root meristems of ku80 and lig4-4 mutants, which are defective in the nonhomologous end-joining pathway for DSB repair (23, 24) (Fig. 1 H and I) . WT controls rarely showed dead cells (1 root with a single dead initial of 20 roots in this experiment), whereas both mutants showed a significantly higher frequency of roots with spontaneous death of at least 1 root initial (Fisher's exact test: 8 of 20 roots for lig4-4, P Ͻ 0.01; 11 of 20 roots for ku80, P Ͻ 0.001). Thus, physiological levels of DSBs, if left unrepaired, are sufficient to trigger death of root initials.
Death of Root Initials Was a Response Downstream of ATM and ATR
That Was Distinct from Cell Cycle Arrest. Preferential death of initials might be a consequence of DNA damage itself, or it might be a genetically programmed response to DNA damage. To test this, we used mutants defective in the transduction of DNA damage signals. The Arabidopsis atm mutants are hypersensitive to radiomimetic drugs and x-rays, presumably because they are not able to activate DNA repair or cell cycle checkpoints in response to DSBs (16) , whereas atr mutants are sensitive to drugs that cause replication stress and are less sensitive to x-rays (28) . Using milder DNA damage than in previously published work, we saw that both ATM and ATR were required for death of the root initials. Cell death induced by 20 g/mL zeocin or 40 Gy of x-rays was strongly inhibited in the atm-1, atm-2, and atr-2 mutants (Fig. 2, Fig. S3 , and Table S1 ). All these are strong loss-of-function alleles, although they are not proven to be null (16, 28) ; thus, we cannot exclude the possibility that the small amount of cell death still seen in these mutants could be attributable to residual ATM/ATR activity. Alternatively, residual cell death in the mutants could result from proceeding through the cell cycle without DNA repair, and therefore would not be a preferential feature of the stem cells. Accordingly, with higher doses of x-rays (80 Gy), the atr-2 mutant showed cell death throughout the meristem instead of being focused on the stem cell niche (Fig. S5 ). In conclusion, the higher sensitivity of initials to DNA damage is a downstream response to the perception of DNA damage mediated by ATM and ATR rather than a consequence of the damage itself.
A well-characterized downstream response shared between ATM and ATR is cell cycle arrest mediated by WEE1 activation (15) . The wee1-1 and wee1-2 mutations, which abolish cell cycle arrest, did not affect death of the root initials ( Fig. 2 and Fig. S6 ). In addition, aphidicolin, which activates cell cycle arrest dependent on WEE1 and ATR (but not on ATM) (15), did not induce death of the root initials (Fig. S4) . Thus, the pathway leading to death of the root initials after activation of ATM and ATR is separable from the cell cycle arrest pathway. This does not imply, however, that initials die instead of arresting the cell cycle; in fact, accumulation of CYCB1;1-GFP was also seen in the initials (e.g., see columella initials below the QC in Fig. 1D ). The balance between alternative responses to DNA damage (arrest and repair or death) might depend on the number and persistence of DNA lesions in each initial.
DNA Damage Also Induced ATM-Dependent Cell Death in the Shoot
Stem Cell Niche. To test whether hypersensitivity to DNA damage was specific to the root stem cell niche or more general, we next looked at the shoot meristems. In the inflorescence tip, stem cells and their early descendants reside in the central zone of both the inflorescence and floral meristems (Fig. 3A) , which is marked by expression of pCLV3:mGFP5-ER (Fig. 3B) (29) . Cells displaced from the central zone populate the peripheral zone of the meristem, where cell division is accelerated and organogenesis begins (3, 7) . After zeocin treatment, we observed preferential cell death in the central zone of the inflorescence meristem and floral meristems (Fig. 3 C-E ). CYCB1;1-GFP expression confirmed that cells had responded to zeocin throughout the meristem, although cell death occurred preferentially in the center of the meristem (Fig. 3F) . Cell death was inhibited by the atm-1 mutation, although not by atr-2 ( Fig. 3 G and H) , suggesting that the signal transduction pathways between DNA damage and cell death are different in the root and shoot meristems. We conclude that although the division of roles between ATM and ATR differed, death of stem cells and their early descendants was triggered by perception of DNA damage in both the shoot and root meristems.
Programmed Death After DNA Damage Showed Autolytic Rather Than
Apoptotic Features. In animals, cell death downstream of ATM or ATR activation is usually mediated by p53 and occurs through apoptosis (13, 30) . Plants do not have recognizable homologs of p53 or core regulators and executioners of apoptosis, such as APAF1, BCL2, or caspases (19) . However, distant homologs of mammalian apoptotic genes have been implicated in PCD; in yeast, the metacaspase YCA1 has been shown to regulate PCD (31) , and one of the nine metacaspases from Arabidopsis (AtMC-8) has been implicated in PCD triggered by oxidative stress (32) . The null atmc8-1 mutant (32), however, did not affect zeocin-induced death of the root initials (Fig. S6) . Furthermore, electron microscopy of root initials dying during zeocin treatment did not show apoptotic features, such as cell shrinkage, peripheral chromatin condensation, and nuclear fragmentation (33) (compare healthy cells in Fig. 4 A and B with dying cells in Fig. 4 C-E) . Instead, the nuclei remained in a single piece, although they lost internal organization; the cytoplasm appeared denser and contained numerous vesicles with varied contents that resembled the autophagic vesicles seen in root cells treated with concanamycin A (34) (Fig. 4 E and F) . Eventually, these cells collapsed, and their space was occupied by neighboring cells (Fig. S7) . Thus, in addition to lacking key apoptotic genes, the root initials underwent death that was morphologically distinct from apoptosis and resembled the autolytic cell death observed during xylogenesis and other examples of developmental PCD in plants (21, 35) . The molecular details of the cell death pathway downstream of ATM and ATR in plants, however, remain an important question for future work. 
Discussion
We show that after relatively low levels of DNA damage, PCD is triggered selectively in plant stem cells and their early descendants. In animals, stem cells tend to have a low tolerance to DNA damage, which often leads to apoptosis. Selective cell death is the most stringent mechanism to eliminate the risk for accumulating mutant cells that can lead to cancer (8) or compromise the germline (9) . We propose that a similar strategy is used in plant stem cell niches, even though these most likely have an independent evolutionary origin. Previously, there has been evidence that meristem cells respond differently to DNA damage in comparison to differentiating cells. DNA DSBs caused cell cycle arrest at G1/S in meristem cells but not in endoreduplicating differentiating cells (36) . Within the root meristem, cell cycle arrest after x-ray treatment lasted longer near the stem cell niche and progressively less long toward the differentiating region of the root tip (18) . However, responses to DNA damage involving preferentially the stem cells, and PCD in particular, have previously escaped attention, possibly because detecting preferential death of the stem cells requires imaging a short time after treatment with relatively low levels of DNA damaging agents.
Our results showed that within the meristems, induction of cell death after DNA damage was cell type-dependent. In the root, survival of the mitotically inactive QC could suggest that cell death correlated with the cell division rate rather than with cell type; however, this would not match the observation that cell divisions are less frequent in the root initials than in the surrounding meristem cells (37) , which also survived. A similar lack of correlation between cell division rates and cell death was seen in the shoot meristem. In addition, electron microscopy showed that the dying cells had intact nuclei and had not proceeded to M-phase; thus, death was not caused by mitotic catastrophe after cells continued through division with damaged DNA. Within the root meristem, stele initials appeared especially sensitive to DNA damage and were more sensitive than columella initials (e.g., Figs. S1 and S5); however, currently, we do not have enough information to suggest what physiological or genetic parameters cause this asymmetrical sensitivity within the root stem cell niche.
Our observation that root and shoot stem cells have specialized responses to DNA damage is in agreement with the enrichment for DNA repair genes seen in the transcription profile of shoot stem cells (38) . Expression of DNA repair genes could be a sign that the stem cells are under stress, as suggested (38) , or that these cells have a low threshold for activation of DNA repair, consistent with a general hypersensitivity to DNA damage. However, examination of the cell type-specific transcription profiles in the shoot and root meristems (38, 39) did not provide obvious clues to the molecular basis for this hypersensitivity and did not reveal clear candidate genes that might mediate the cell death response downstream of ATM/ATR in the stem cells, except perhaps for the detection of AUTOPHAGY 8G (ATG8G) as one of the genes preferentially expressed in shoot stem cells (38) .
Why would plants use PCD preferentially within their stem cell niches? Eliminating cells that might escape communal controls is believed to be less relevant in plants than in animals, because plant cells are immobile and physiologically less interdependent than in metazoans (20) . Protection of the germline is relevant in the shoot meristem but does not normally apply to the root stem cell niches. In the root, a plausible advantage of using PCD as an alternative to cell cycle arrest may be to maintain a precise structure with rapidly dividing cells. It has been argued that damaged cells readily undergo apoptosis during gastrulation, because cell cycle arrest and repair may be incompatible with rapid cell division and patterning (40, 41) . A similar argument may apply to roots growing in a competitive environment while exposed to environmental hazards that damage DNA, such as drought, high salinity, and heavy metals (10) . Understanding the specialized responses of plant stem cell niches will be key to understanding how plant development copes with these environmental stresses.
Materials and Methods
Arabidopsis Lines and Growth Conditions. Arabidopsis thaliana (Col-0 and WS ecotypes) seeds were sterilized in 100% ethanol and sown onto germination medium (GM): Murashige and Skoog salts (Sigma), 1% glucose, 0.5 g/mL 4-morpholineethanesulfonic acid (Sigma), 0.8% agar, pH 5.7. After stratification for 48 h at 4°C in the dark, the plates were placed vertically in continuous light (100 E, 20°C) for 3 days. To image the inflorescence meristem, plants were grown on soil in long days (16 h light/8 h dark). The mutant lines used were lig4 -4 (SALK095962) (23, 24) , ku80 (23), wee1-1 (GABI270E05) (15) , atm-1 (16), atm-2 (SALK006953) (16) , and atr-2 (SALK032841C) (28) .
Chemical and X-Ray Treatments. For root treatments, 3-day-old seedlings were moved to fresh GM plates containing zeocin (10 -60 g/mL; Invitrogen), bleomycin (1 g/mL; Sigma), or aphidicolin (12 g/mL; Sigma) and placed vertically in the dark at 20°C for 24 h (unless stated otherwise); after optimizing the concentration, the same stock of zeocin was used throughout. For shoot treatments, mature flowers and siliques were removed from the inflorescence tips, which were briefly dipped into 0.015% Silwet L-77 (Lehle Seeds) before being submerged in 0.2-mL PCR tubes containing water (control) or 20 g/mL zeocin. Tubes were secured with micropore tape, and plants were moved back to long-day growth conditions for 24 h. For x-ray treatments, 3-day-old seedlings were irradiated at a dose rate of 0.92 Gy/min with a Varian Clinac 600CD and then placed back into continuous light for 24 h.
Confocal Microscopy. Seedlings were stained with 10 g/mL PI (Sigma) or 250 nM Sytox Orange (Molecular Probes, Invitrogen) for 5 min before imaging. Confocal imaging was performed using a Leica SP1 equipped with an argon krypton laser, except for the images shown in Fig. 1 E and F, Fig. S3 , and Fig. S4 , which used a Leica SP2. GFP and PI were excited using the 488-nm argon ion laser and collected between 500 and 550 nm (GFP) and 600 and 656 nm (PI). Sytox Orange was excited using the 543-nm laser line, and emitted light was collected between 580 and 610 nm. Z stacks were obtained by imaging 4-m sections of the shoot meristem, which were averaged two times. Images were processed using Leica Confocal Software and Adobe Photoshop 6.0 (Adobe Systems).
Live Imaging. Three-day-old LTI6B/WOX5:GFP seedlings were treated with 20 g/mL zeocin for 24 h and transferred to a microscope slide covered with a thin layer of GM overlaid with wet cellophane. A coverslip was placed over the roots; the slides were placed vertically in a wet chamber in the dark; and images of the same root were taken at 0-, 8-, and 16-h intervals.
Transmission Electron Microscopy. Seedlings treated for 16 h on GM with 20 g/mL zeocin and untreated controls were fixed in 2.5% vol/vol glutaraldehyde/0.05 M Na cacodylate, pH 7.2; vacuum-infiltrated; and left overnight.
Seedlings were postfixed in 1% osmium tetroxide/0.05 M Na cacodylate for 1 h; washed with water; and dehydrated for up to 1 h each step in ethanol 30%, 50%, 70%, 90%, and 100% (vol/vol). Samples were then infiltrated in London Resin White resin (London Resin Co., Ltd.) and sectioned for transmission electron microscopy (TEM) imaging with an FEI Technai G2 20 Twin TEM.
